Funding was provided by the John Templeton Foundation through the Science of Philanthropy Initiative. The data reported in this paper are archived in the Harvard Dataverse Network at http://dx.doi.org/10.7910/DVN/27366. We thank the reviewers for valuable comments that helped to improve the manuscript. The oxygenation of Earth's surface fundamentally altered global biogeochemical cycles and ultimately paved the way for the rise of metazoans at the end of the Proterozoic. However, current estimates for atmospheric oxygen (O 2 ) levels during the billion years leading up to this time vary widely. On the basis of chromium (Cr) isotope data from a suite of Proterozoic sediments from China, Australia, and North America, interpreted in the context of data from similar depositional environments from Phanerozoic time, we find evidence for inhibited oxidation of Cr at Earth's surface in the mid-Proterozoic (1.8 to 0.8 billion years ago). These data suggest that atmospheric O 2 levels were at most 0.1% of present atmospheric levels. Direct evidence for such low O 2 concentrations in the Proterozoic helps explain the late emergence and diversification of metazoans.
I
t remains unclear whether the appearance and diversification of animals are linked to a change in environmental oxygen (O 2 ) levels or if this dramatic shift in the structure and complexity of the biosphere simply reflects the timing of genetic and/or developmental innovation independent of any environmental control (1) (2) (3) (4) . Quantitative constraints on O 2 levels during the mid-Proterozoic [1.8 to 0.8 billion years ago (Ga)]-the long interval leading up to the Cambrian explosion in animal life (5, 6) -are required to compare atmospheric oxygen levels with the absolute O 2 requirements for metazoan physiology (3, 5) . Such a comparison is essential for delineating the potential role of Earth's oxygen cycle in the early evolution of animal life.
The appearance of terrestrial red-beds and the disappearance of detrital pyrite beds indicate oxidative processes in terrestrial environments after~2.4 Ga and a permanent rise in atmospheric O 2 concentrations above the very low values characteristic of the Archean atmosphere (<0.001% of the present atmospheric level or PAL) (6, 7) . However, these observations provide only a crude lower estimate for mid-Proterozoic atmospheric O 2 of~1% PAL. The most widely accepted upper limit on mid-Proterozoic atmospheric O 2 is~40% PAL, which is an estimate based on the inferred temporal and spatial extent of anoxia in the Proterozoic ocean combined with steady-state physicochemical models of ocean ventilation (8, 9) .
Chromium (Cr) isotopes may provide a much needed additional constraint on Proterozoic O 2 levels (10). Chromium exists in two primary redox states at Earth's surface-oxidized Cr(VI) and reduced Cr(III). Because Cr within the crust is hosted within rock-forming minerals predominantly as Cr(III), the initial Cr reservoir for terrestrial weathering will be stable under reducing conditions. In addition, Cr undergoes only limited fractionation during typical non-redox-dependent transformations (11) (12) (13) , but the oxidation and reduction of Cr induce large isotope fractionations. At equilibrium, Cr(VI) species will be enriched in the heavy isotope, 53 Cr, by over 6‰ relative to the parent Cr(III) reservoir (13), although environmental fractionations are likely kinetic and are unlikely to reach this full equilibrium value (12, 14) . Chromium oxidation occurs predominantly through the dissolution of Cr(III)-bearing minerals in terrestrial soils and subsequent reaction with manganese (Mn) oxides [e.g., (15) (16) (17) ], the occurrence of which in modern environments is linked specifically to the presence of free environmental O 2 . This process yields dissolved Cr(VI) oxyanion species (CrO 4 2-and HCrO 4 -) that are significantly more soluble and mobile than Cr(III). However, during transport within and away from weathering environments, isotopically light Cr(VI) can be selectively reduced and immobilized (12, 14, 18) . As a result, the net effect of redox reactions will be to produce a highly mobile CrO 4 2- (19) . It is expected that the Cr cycle on a reducing Earth surface would be dominated by mobilization, transport, and burial of less mobile Cr(III) with minimal fractionation from igneous silicate Earth.
Although Cr isotope data have been used to examine the broad-scale oxygenation of Earth's atmosphere (10, 20) , these initial surveys did not examine the billion-year interval before the evolution of animals. We targeted several mid-Proterozoic sedimentary successions to fill major gaps in the sedimentary Cr isotope record of this interval. To isolate redox conditions in terrestrial settings, we explored shallow, nearshore iron-rich marine units that are most likely to capture terrigenous weathering signals and lack measurable contributions from contemporaneous hydrothermal systems. We focused on samples from the 1.7-Ga Chuanlinggou Formation in China, the~1.65-Ga Freedom Formation in the United States, the 1.45-Ga Sherwin Formation in Australia, and the~0.9-Ga Aok Formation in Canada (21) . The targeted samples comprise granular deposits that are sedimentologically and geochemically equivalent to Phanerozoic (<542-million-year-old) nearshore iron-rich deposits-rocks commonly referred to as ironstones ( Fig. 1 )-and formed in marginal marine or deltaic settings genetically similar to iron-rich portions of the modern Amazon delta (22) . For comparison, we also determined the Cr isotope composition of a suite of analogous Phanerozoic ironstones, deposited between~0.445 and 0.090 Ga, to provide a comparative view of Cr isotope systematics in nearshore iron-rich sedimentary units that formed beneath an atmosphere independently and unequivocally constrained to have been well-oxygenated.
Understanding petrographic context and postdepositional history is essential to interpret Cr isotope data. Chromium with either crustal or highly fractionated d
53
Cr values can be introduced into a rock unit during burial diagenesis, given that both oxidizing groundwaters and reduced basinal brines commonly lead to secondary metal enrichment [e.g., (23, 24) ]. To gauge whether the examined samples record primary (depositional) or secondary Cr isotope signatures, we studied the samples using standard petrography and laser ablation-inductively coupled plasma mass spectrometry (LA-ICP-MS) trace-element mapping. Notably, the selected samples lack obvious textural or geochemical evidence for secondary mineralization. Chromium resides predominantly in iron-rich sedimentary grains (e.g., concentrically coated iron ooids), rather than detrital Cr-rich grains (e.g., chromite) or diagenetic chemical cements (Fig. 2) . This observation is consistent with Cr acquisition by sorption during sedimentation of precursor ferric oxides. In addition, preservation of fine-scale sedimentary textures in the ironstones, such as laminations in coated grains ( Fig. 1 and fig. S1 ), is commonly observed and suggests limited fluid-rich alteration and recrystallization. Therefore, we are confident that our selected ironstone samples record depositional signals and thus can be used to track environmental Cr cycling.
All of the examined mid-Proterozoic ironstones have d
Cr values indistinguishable from those of igneous sources (-0.124‰, T0.101 2 SDs, Fig. 2A )
Cr values (Fig. 2A) . This set of observations is most parsimoniously explained by the onset of a significant Cr(VI) exit channel from the terrestrial realm in the interval between the mid-Proterozoic and Phanerozoic data [e.g., (25) ].
To test the hypothesis of a diminished Earth surface Cr redox cycling during mid-Proterozoic time, we sought an independent Cr archive in shales. Shales can also develop large authigenic Cr enrichments, marked by significantly higher Cr/Ti ratios than that of bulk crust. Authigenic Cr enrichment in fine-grained sediments and sedimentary rocks (shales) is thought to reflect processes similar to that in ironstones: coprecipitation and scavenging of particle-reactive Cr(III) phases or sorption and sequestration of dissolved Cr(VI) (26) . Phanerozoic and latest Proterozoic shales commonly show large authigenic Cr enrichments, whereas mid-Proterozoic shales are marked by Cr/Ti ratios similar to bulk crustal values (26) . This relationship is consistent with widely reducing conditions and inventory drawdown in the earlier mid-Proterozoic ocean and/or smaller terrestrial-to-marine Cr fluxes (26) . We observe a large range of d
Cr values for Phanerozoicage Cr-enriched shales (Fig. 3) . Most notably, we also find an increase in Cr enrichment and a wide range of d
Cr values in the~0.8-to 0.75-Ga shales from the upper Wynniatt Formation in the Shaler Supergroup in Arctic Canada (27) . The Wynniatt Formation yielded samples with markedly positive d
Cr values (peak values >2 ‰), which clearly indicate the operation of an oxidative surface Cr cycle at that time. The large Cr enrichments in these shales also suggest that a fully oxidative Cr cycle was in place (25, 26) . Therefore, the coupled shale and ironstone record suggests that there was a major change in Cr cycling by at least 0.75 Ga.
We propose that the observed shifts in the shale and ironstone Cr records between~0.8 and 0.75 Ga were caused by a rise in environmental O 2 concentrations. Further, we suggest that the minimal Cr isotope fractionation observed during mid-Proterozoic time results from a general lack of Cr redox cycling. Although it is difficult to quantify the minimum amount of O 2 needed to induce and preserve large Cr isotope fractionations in marine chemical sediments, we estimate a range for this threshold by considering how ambient O 2 levels affect rates of Mn oxidation, which in turn affect Cr oxidation. Briefly, we use a kinetic model in which the relative amount of Cr(III) oxidation during weathering is governed by the availability of Mn(III,IV) species. Even with a wide range of ambient chemistries, Mn-oxide phases, and oxidation mechanisms (21), we find that extensive Mn-Cr redox cycling occurs at markedly low environmental O 2 levels (<0.1% PAL; Fig. 4) . Thus, to explain the mid-Proterozoic Cr isotope data, we hypothesize that atmospheric partial oxygen pressure (pO 2 ) levels were at times, if not persistently, extremely low.
Minimum estimates for Proterozoic atmospheric pO 2 levels have been notoriously difficult to establish. Specifically, traditionally used lower estimates for pO 2 values (>1% PAL), derived from paleosols (9) , are likely to overestimate minimum atmospheric oxygen partial pressures due either to the use of extremely high [and likely incorrect; e.g., (28) ] atmospheric CO 2 concentrations (in steady-state calculations) or because they neglect microbial iron oxidation (in kinetictransport models). Further, there is a paucity of mid-Proterozoic paleosols (7), preventing direct, time-equivalent comparison between our results and the paleosol record. We note, however, previous suggestions on the basis of petrography and majorelement geochemistry that the~1.1-Ga Sturgeon Falls paleosol records a lack of terrestrial Mn oxidation-consistent with our Cr isotope data (29) .
Others have suggested active environmental Cr redox cycling before our estimate of~750 Ga (10, 20) . Although each report must be evaluated individually, the presence of possible earlier periods of extensive Cr oxidation is consistent with atmospheric oxygen levels that were highly dynamic during the Precambrian and indicates that the traditional image of a unidirectional rise in atmospheric pO 2 is likely overly simplistic (30) . Instability in atmospheric oxygen levels would be expected in a system characterized by very low O 2 partial pressures and thus potentially very short response times for the atmospheric oxygen reservoir. Dynamics aside, it seems clear that there is a first-order difference in the nature of Earthsurface Cr cycling between the mid-Proterozoic and the late-Proterozoic/Phanerozoic.
Under previous estimates of atmospheric pO 2 during the mid-Proterozoic (1% PAL < pO 2 < 40% PAL), there was potentially sufficient atmospheric oxygen for the earliest sessile and mobile animals to thrive well in advance of their ostensible emergence (3). However, our preferred maximum pO 2 estimate for mid-Proterozoic time (<0.1% PAL) is below theoretical estimates for the minimum O 2 requirements of the last common ancestor of bilaterians, measured limits at which bilaterians are found in the modern oceans, and threshold estimates for earlier diverging metazoan phyla (3, 4) . In addition, it is possible that existing theoretical estimates of biological O 2 thresholds are biased toward low values, as they neglect the metabolic requirements of different life-history stages and synergistic physiological effects. In any case, our results suggest a temporal overlap between the appearance of stable environments favorable for animal life and the divergence of basal metazoan clades-which, according to recent estimates [e.g., (2)], occurred between~0.8 and 0.7 Ga (Fig. 3) . Though the emergence and eventual ecological dominance of animal life must, at its core, be tied to genetic and developmental innovations, our results implicate Earth's oxygen cycle as a crucial factor shaping the evolutionary landscape from which animal life emerged and help explain the delayed appearance of animals in the late Proterozoic.
